Echinoderms occupy a critical and largely unexplored phylogenetic vantage point from which to infer both the early evolution of bilaterian immunity and the underpinnings of the vertebrate adaptive immune system. Here we present an initial survey of the purple sea urchin genome for genes associated with immunity. An elaborate repertoire of potential immune receptors, regulators and effectors is present, including unprecedented expansions of innate pathogen recognition genes. These include a diverse array of 222 Toll-like receptor (TLR) genes and a coordinate expansion of directly associated signaling adaptors. Notably, a subset of sea urchin TLR genes encodes receptors with structural characteristics previously identified only in protostomes. A similarly expanded set of 203 NOD/NALP-like cytoplasmic recognition proteins is present. These genes have previously been identified only in vertebrates where they are represented in much lower numbers. Genes that mediate the alternative and lectin complement pathways are described, while gene homologues of the terminal pathway are not present. We have also identified several homologues of genes that function in jawed vertebrate adaptive immunity. The most striking of these is a gene cluster with similarity to the jawed vertebrate Recombination Activating Genes 1 and 2 (RAG1/2). Sea urchins are long-lived, complex organisms and these findings reveal an innate immune system of unprecedented complexity. Whether the presumably intense selective processes that molded these gene families also gave rise to novel immune mechanisms akin to adaptive systems remains to be seen. The genome sequence provides immediate opportunities to apply the advantages of the sea urchin model toward problems in developmental and evolutionary immunobiology.
Introduction
The classic work of Ilya Metchnikoff using echinoderm larvae and other invertebrates formed the basis of the field of cellular immunology more than a century ago (Metchnikoff, 1891) . The fundamental observation behind this work was that mesenchymal cells with the ability to recognize non-self are ubiquitous among animals. The mechanisms responsible for non-self recognition can be classified into two broad categories: innate immunity, in Developmental Biology 300 (2006) 349 -365 www.elsevier.com/locate/ydbio which immune specificity is encoded directly in the germline, and acquired (adaptive) immunity, in which specificity is achieved by a combination of somatic diversification and selection. Since the early days of immunology the overwhelming focus of the field has been on the adaptive immune system of jawed vertebrates. The recent shift of attention to the more inclusive realm of innate immunity has brought immunology more in line with fields such as developmental biology and physiology where comparative approaches using invertebrate models are widely used. These comparative studies increasingly suggest that many fundamental molecular features of animal immunity are ancestral bilaterian traits (Hoffmann, 2003; Janeway and Medzhitov, 2002) . Similar evidence extends this view to the developmental programs that specify mesodermal immune cells (e.g., Evans et al., 2003) .
Nonetheless, much more detailed information is needed to exclude the possibility that particular immune similarities arose by chance, convergent evolution (Friedman and Hughes, 2002) or for other reasons that do not reflect the primitive state of immune function. Acquired immunity that is mediated by somatically rearranging T and B cell antigen receptors in the process of V(D)J recombination (i.e., T cell receptors [TCR] and immunoglobulins [Ig] ) is found only in the jawed vertebrates (reviewed in Cannon et al., 2004a; Litman et al., 2005) , although the underlying mechanisms and effectors from which these systems are built have been part of animal blood systems since long before the emergence of V(D)J recombination (Klein and Nikolaidis, 2005) . Independent but analogous adaptive systems may be a more ubiquitous feature of immunity than was previously appreciated as exemplified by the recent discovery of potential somatic diversification systems in protostome invertebrates (Watson et al., 2005; Zhang et al., 2004) and a particularly elaborate system in cyclostomes (Alder et al., 2005; Pancer et al., 2004 Pancer et al., , 2005 Pancer and Cooper, 2006) . These findings begin to blur the boundary between adaptive and innate immune systems (Cannon et al., 2004b; Flajnik and Du Pasquier, 2004; Loker et al., 2004) and highlight how little we know about animal immunity.
Our lack of knowledge stems largely from the fact that immune genes evolve at an extraordinarily rapid pace (Hughes, 1997; Murphy, 1993) . Presumably this is driven by intense selection in the interplay between host and pathogen. As a consequence, finding immune gene homologues with standard molecular strategies and inferring primitive states is a difficult task. Genome sequences offer the best means for progress and their availability has broken longstanding barriers to advancement in this area. Not only do comprehensive genome sequences enable the identification of homologous genes with much lower sequence identity, they conversely allow more confident exclusion of immune mechanisms when gene homologues are absent. Perhaps most importantly, they provide a framework for the identification of novel immune genes based on structural and genomic considerations. In conjunction with experimental screens, the latter strategy is especially attractive since it can be a relatively unbiased approach.
Our current understanding of immunity comes from a small and scattered group of phyla. The great majority of direct evidence derives from studies in mammals and to a lesser degree from Drosophila melanogaster. Because chordates and arthropods are highly divergent and because immune systems are inherently labile, it is difficult to make meaningful generalizations about animal immunity given the large phylogenetic gaps in our data sources. The sea urchin genome fills an important gap and offers a particularly relevant external perspective of vertebrate immunity (Fig. 1A) .
Immunity in the sea urchin has been investigated from both a cellular and molecular standpoint (reviewed in Gross et al., 1999; Rast et al., 2000; Smith et al., 2006) . A variety of bloodlike cells present in the fluid of the coelomic cavity, collectively known as coelomocytes, mediate immunity in adult sea urchins. These include several types of macrophage-like cells that are capable of phagocytosis, encapsulation and other related immune functions , granular cells, including red spherule cells that produce and degranulate echinochrome A, a naphthoquinone with antibacterial properties (Fig. 1E ; Perry and Epel, 1981; Service and Wardlaw, 1984) , and other cell types that may also function in wound healing, clotting and immunity (e.g., Figs. 1F, G) . Sea urchin larvae also have cells that function in immune defense (Metchnikoff, 1891; Silva, 2000) . These include blastocoelar cells (Tamboline and Burke, 1992) that are capable of phagocytosis and bacterial degradation (Figs. 1H, I; Hibino and Rast, unpublished) , and granulated pigment cells that produce echinochrome A (Calestani et al., 2003; Gibson and Burke, 1987) and are thought to be involved in the defense of the larval ectoderm (reviewed in Smith, 2005) . Pigment cells are also capable of phagocytosis and appear to participate in wound healing in the larva (Fig. 1J ; Hibino and Rast, unpublished) .
Here we present a survey of the genome sequence of the purple sea urchin, Strongylocentrotus purpuratus, for genes that are homologues of known immune receptors, regulators and effectors. We find that the diversity and number of innate receptors greatly exceed that which has been observed in animals characterized to date. Homologues of genes that were previously identified only in chordates, some of which have important functions in the adaptive immune system of jawed vertebrates, are present in the sea urchin genome. These findings greatly refine our understanding of the immune system of the common deuterostome ancestor. The sea urchin represents the first large and long-lived invertebrate to be the subject of a genome sequencing project. This initial survey reveals a complex immune system that is unlike any yet characterized, and suggests that major revisions are forthcoming for our understanding of animal immunity.
Materials and methods

Sequence database searches
The sea urchin genome sequence is derived from the sperm DNA of a single sea urchin specimen (Cameron et al., 2004) . Several genomic data sets were used in our analysis: (1) the whole genome shotgun (WGS) sequence, (2) the 11/ 23/2004, 7/18/2005 and 3/16/2006 genome assemblies from the Baylor College of Medicine Human Genome Sequencing Center (BCM-HGSC, http://www. hgsc.bcm.tmc.edu/projects/seaurchin/) and (3) several sets of gene models including the GLEAN3 gene models (BCM-HGSC) and the NCBI Gnomon ab initio gene models (http://www.ncbi.nlm.nih.gov/genome/guide/sea_urchin/).
The strategy for identifying genes with potential immune and hematopoietic functions in the S. purpuratus genome varied according to gene type. For genes with significant primary sequence conservation, BLASTP and TBLASTN from the BLASTALL suite (Altschul et al., 1997) were used to search the various gene model sets and the genome assemblies to identify potential homologues. Many immune gene homologues are best distinguished by the possession of characteristic protein domain combinations (e.g., TLR and NLR genes). For this category of genes HMMER (Eddy, 1998) was used to identify PFAM domain profile matches (Bateman et al., 2004) to gene models, open reading frame translations extracted using the GETORF program from the analysis EMBOSS suite (Rice et al., 2000) or full assembly translations.
Immune gene designations incorporated additional evidence from (1) reciprocal BLAST analyses, (2) protein domain architecture that was not a determinant of the initial search, (3) tiling array expression data for confirmation or revision of gene structure (Samanta and Davidson, 2006) , (4) signal peptide and transmembrane region identification and (5) conserved structure relative to related sea urchin gene family members. For some genes RT-PCR and Rapid Amplification of cDNA Ends (RACE; GeneRacer kit; Invitrogen) were used to obtain transcript sequence flanking conserved regions.
Sequence analysis
Gene models were analyzed for domain structure and features such as transmembrane regions and signal peptides using the SMART suite (Letunic et al., 2004) , the Sanger Institute PFAM site (http://www.sanger.ac.uk/Software/Pfam/) and local PFAM searches. Multiple alignments and phylogenetic analyses were made with the MEGA3 Phylogenetic analysis program suite (ver. 3.1; Kumar et al., 2004) . ClustalX (Thompson et al., 1997) , BioEdit (Hall, 1999) , PAUP* (Swafford, 2002) and a Bayesian method (Ronquist and Huelsenbeck, 2003) were also used in the phylogenetic analysis of thioester proteins. In the case of some TLR genes, pseudogenes were evident as introns in the gene models that upon closer examination encompassed coding regions that contained stop codons or frame-shift mutations. These sequences were verified as pseudogenes by reference to primary trace chromatograms.
Expression analysis
For some predicted genes, transcript prevalence was analyzed at key embryonic stages, in larvae and in adult tissues including coelomocytes. Real- time quantitative PCR was used for these measurements as described elsewhere (Fugmann et al., 2006; Rast et al., 2002) .
Results and discussion
General considerations
A survey of the S. purpuratus genome sequence identified more than 1000 gene models with relevance to immunity and other blood cell functions (summarized in Table 1; see Table 2 for a reference list explaining gene acronyms of key immune homologues that are listed in the text; detailed lists are provided in Supporting Online Material Tables S1, S2, S3, S4, S5). Although a number of genes that are expected to function in viral immunity are listed, we did not specifically search for generalized cellular protection functions related to viral interference. To a greater extent than for surveys of other gene types, the inability to detect many gene homologues may reflect methodological limitations imposed by the high rates of divergence of immune system receptors and immune signaling genes rather than their true absence. For this same reason novel immune mechanisms, which may ultimately be some of the most interesting aspects of sea urchin immunity, are likely to be missed in this type of survey, although the genome sequence will be critical to their identification.
An exceptionally complex innate repertoire
One of the more striking features of the genome with regard to immunity is an enormous expansion of three classes of innate immune recognition proteins comprising Toll-like receptors (TLR), NACHT and leucine-rich repeat containing proteins (NLR) and multidomain scavenger receptor cysteine-rich (SRCR) proteins (for comparison among animals see Table  3 ). Each of these gene classes participates in recognition of potential pathogens through direct or indirect binding to pathogen associated molecular patterns (PAMPs). It is generally hypothesized that a relatively small number of these innate receptors is sufficient to detect a near comprehensive range of pathogens. Consequently, the many-fold amplification of these gene families in the sea urchin genome suggests that they are likely to function as part of a fundamentally different immune mechanism.
Toll-like receptors TLR proteins are found throughout the animal kingdom and have been shown to have immune function in both protostomes and vertebrates (Beutler, 2003; Hoffmann, 2003; Medzhitov, 2001) . Though the Toll genes also have a developmental function in insects, similar functions have not been found in other animal groups. Between one and 20 TLR genes were found in previously characterized genomes (Roach et al., 2005) . TLR proteins are composed of a solenoid-like ectodomain made up of 20-25 leucine-rich repeat (LRR) motifs, a transmembrane region and a cytoplasmic Toll/interleukin-1 receptor (TIR) domain (Bell et al., 2003) . Immune recognition is mediated by the LRR ectodomain and signaling is transduced through the TIR domain to activate Rel/NFκB (homologues of these transcription factors are present in the sea urchin genome, Tables 1 and S5 ) and, in mammals, IRF transcription factor target genes (Akira et al., 2006) . The S. purpuratus genome sequence contains 222 TLR gene models. Some gene models may represent sampling of two haplotypes from the single sea urchin that is the source of the genome sequence; however, independent analysis of unassembled WGS sequence indicates that the number of TLR genes is no fewer than 150 per haplotype (1633 TLR-like TIR domains sequences were identified in 5× coverage of unassembled sequence representing 357 unambiguously distinguishable sequences). The members of this expansive TLR gene repertoire can be divided into two broad categories by comparison of their Table S2 ) and a large lineagespecific expansion that includes 211 genes which fall roughly into seven groups (Groups I-VII, Fig. 2B , Table 4 , Table S2 ). Animal TLR proteins can be categorized into two major structural types. The first, here referred to as vertebrate-like, includes all previously described deuterostome TLRs and a minority of insect TLRs. These are characterized by the presence of specialized N-terminal and C-terminal LRR motifs (LRRNT and LRRCT) capping both ends of the internal LRR solenoid. The second category, here referred to as protostome-like comprises nearly all the genes found in insects (e.g., toll itself) and other protostomes (e.g., the single Caenorhabditis elegans TLR gene, tol-1) characterized by an ectodomain that is divided by an internal LRRCT-LRRNT pair (Rock et al., 1998) .
Nearly all of the sea urchin TLR genes are intronless and encode proteins with a structure typical of vertebrate-like TLRs ( Fig. 2A , S1A and Table S2 ). Among the 11 divergent genes, three contain introns but are otherwise vertebrate-like (Table 4) . Remarkably, three divergent sea urchin TLR genes are of the protostome-like structure ( Fig. 2A, Figs . S1B, C). Consistent Table 4 . Blue shaded clades are the sea urchin lineage expansion that comprises the vast majority (95%) of genes. The gray shaded cluster contains the divergent protostome-like (red), "intron containing" (blue)-and "short" (green)-type genes. (C) NACHT and leucine-rich repeat (NLR) proteins and downstream transduction components present in the sea urchin genome. Domain representations are as in panel A. There are 203 NLR genes encoded in the genome sequence. The majority of these encode a single N-terminal DEATH domain, a central NACHT domain and C-terminal LRR motifs. Seven variant genes have two DEATH domains and one gene has a CARD and a DEATH domain (similar to mammalian Nod2). Note that all putative NLR signal transduction mediators contain DEATH instead of CARD domains (see text). with this finding, the TIR regions of these three genes exhibit primary amino acid sequence identity and share a diagnostic shortening of the TIR domain C-terminal β-strand with the protostome genes ( Fig. S2 ). This TLR structure has not been previously identified in deuterostomes. These analyses strongly suggest that genes of this structure were present in the common ancestor of modern Bilateria. The remaining five divergent sea urchin TLR genes encode an unusually short ectodomain (labeled "short" in Fig. 2A , S1D) and may have affinities with the protostome-like genes. The vast majority of sea urchin TLR genes (211/222) are more similar to each other than to those of other animals, suggesting a gene expansion specific to the sea urchin lineage. Sequence diversity among these genes is greatest in the LRR ectodomain, consistent with an associated diversification of immune recognition specificity. Diversity among closely related genes takes three general forms: (1) individual amino acid substitutions and small insertion/deletions ( Fig. S3A ), (2) longer insertions between or within LRR motifs (Fig. S3B) , and (3) less common insertions of whole LRR motifs (Fig.  S3C ). In vertebrates, insertions of the second type may affect unique PAMP recognition (Bell et al., 2003) . Within phylogenetic clusters, particular LRRs can be highly variable and patterns of nucleotide substitution potentially indicate localized selection for binding specificity (e.g., Cluster 1B genes exhibit hypervariability in LRR 15-18). The variety of insertions identified in the major sea urchin TLR clades are not present in protostome-like and short TLR genes.
Sea urchin TLR sequences were first identified from coelomocyte cDNA where they are expressed in considerable diversity (Pancer, unpublished) . Analysis of embryonic tiling array data for message prevalence (Samanta and Davidson, 2006) and our message prevalence measurements for major classes of sea urchin TLR genes indicate that expression of TLR genes is low or absent in embryos prior to the end of gastrulation. Expression then increases in the prism larvae and early pluteus (Messier and Rast, unpublished) . Expression of the protostome-like TLR genes is undetectable in the embryo, whereas in the adult one type of protostome-like TLR is expressed in coelomocytes and the other in tube feet (Hibino and Rast, data not shown). These data are consistent with an immune function for at least one type of sea urchin TLR genes with protostome-like characteristics.
Many sea urchin TLR genes are encoded in tandem arrays in the genome. For example, Scaffoldi3328 and Scaffoldi909 encode seven and 13 TLR genes, respectively. In each case all genes are in the same transcriptional orientation. Further studies will clarify the larger genomic organization of the sea urchin TLR genes, but these findings are likely to have significant implications for both the evolutionary interpretation of this gene expansion and how these genes are regulated.
Other TIR-containing genes TLR proteins transduce signals through the interactions of their TIR domains with cytoplasmic TIR-containing adaptor molecules (summarized in Fig. 3A ; Akira et al., 2006; McGettrick and O'Neill, 2004; O'Neill et al., 2003) . Twentysix genes encoding potential TLR signaling adaptor proteins were identified ( Fig. 2A) . These include an orthologue of MyD88 and three additional genes with a MyD88-like domain structure, an orthologue of SARM, fourteen SARM-related genes, and seven genes encoding cytoplasmic TIR domain proteins of unknown affinity (Table S1; see Fig. 3 for an illustration of the functions of these genes). These findings suggest that in addition to the expansion of TLR genes, a modest expansion has taken place in TLR adaptor signaling proteins.
The presence of homologues of a complete complement of TLR signal transduction elements in the S. purpuratus genome, and the parallels in TLR signaling observed between vertebrates and insects (Akira et al., 2006) suggest that engagement of TLR proteins may similarly lead to the activation of rel/NFkB target genes in sea urchin cells. Moreover, the elevated multiplicity of the TIR domain containing adaptor proteins may act to partition immune activation among combinations of different TLR gene subsets. SARM is another cytoplasmic adaptor molecule that in addition to a TIR domain contains SAM and Armadillo domains. Homologues of these genes have been found in C. elegans, D. melanogaster and vertebrates and, although their function is not well understood, they are thought to play a role in immune TLR signaling (Liberati et al., 2004; McGettrick and O'Neill, 2004; O'Neill et al., 2003) . In addition, a recent report showed that the SARM homologue (tir-1) in C. elegans can also function in a TLR-independent manner to trigger an immune response (Couillault et al., 2004) . In this regard, the multiplicity of SARM-related genes may represent an additional family of expanded innate immunity genes in the S. purpuratus genome and allow for a more complex modulation of TLR-mediated responses. Finally, although no clear homologues could be identified in the sea urchin genome for other vertebrate TIR domain adaptors (TIRAP/MAL, TICAM-1/TRIF and TICAM-2/ TRAM), seven novel cytoplasmic TIR-containing genes are predicted in the S. purpuratus genome that could fulfill these adaptor functions (Table S1 ).
Extensive multiplicity of NOD/NALP-like genes NLR proteins perform a wide variety of functions, but a subclass including the vertebrate NOD and NALP proteins have been proposed to act as cytoplasmic pathogen recognition proteins (Inohara et al., 2005; Kufer et al., 2005) . Mammalian NOD1 and NOD2 recognize degradation fragments from peptidoglycans through their LRR motifs (Girardin et al., 2005) . These genes have previously been identified only in vertebrates and none have been identified in the Ciona intestinalis or protostome genome sequences. The mammalian NOD1/2 and NALP proteins encode N-terminal CARD and PYD domains, respectively, which are members of the Deathfold domain superfamily (Kohl and Grutter, 2004) the subtypes of which interact by forming subfamily-specific homotypic contacts.
There are 203 predicted NLR genes in the sea urchin genome compared to only about 20 in vertebrate species. The structure of the large majority of the sea urchin NLR proteins consists of a central NACHT domain, an N-terminal DEATH domain (a member of the Death-fold domain superfamily) and C-terminal LRRs (Fig. 2C and Fig. S4 ). Like the TLR genes, phylogenetic analysis of the NACHT domain sequence indicates that the NLR genes cluster into closely related subfamilies (Fig. S5 ). Like the vertebrate NOD and NALP genes, the LRRs of the sea urchin NLR genes are encoded in a complex exon structure. Although this complexity is not accurately captured in the gene models, the presence of LRRs is evident in all clusters and in most NLR gene models. Remarkably, as observed in vertebrates (e.g., Girardin et al., 2003), our initial characterization of NLR expression in sea urchin identifies the gut as the major site of expression, at least for the NLR gene subsets assayed ( Fig. S6 ; C. Messier and J. Rast, unpublished) . This finding suggests that control of normal gut flora or responses to gut associated pathogenesis may be a driving force of NLR (and possibly TLR; Pancer and Cooper, 2006) gene expansion in the sea urchin.
The two major known consequences of NOD/NALP engagement by PAMPs in mammalian cells are the activation of the rel/NFkB pathway by members of the Receptor Interacting Protein Kinase (RIPK) family and the processing of interleukin-1 by the Interleukin Converting Enzyme (ICE or caspase-1). Both effects rely on homotypic interactions between the Death-fold domains (CARD and PYD) of engaged NOD/ NALP proteins and those of the RIPKs, ICE and the adaptor molecules CRADD and ASC. Sea urchin homologues have been identified for all genes known to participate in this process (listed in Table S1 and Fig. 3B ). Remarkably, throughout all levels of the NLR signal transduction, sea urchin proteins have DEATH domains whereas their vertebrate counterparts have CARD/PYD domains.
RIG-I-like genes
Vertebrate RIG-I is an RNA helicase that binds viral doublestranded RNA and initiates antiviral responses (Yoneyama et al., 2005) through the homotypic interaction of its CARD domain with that of downstream Ips-1/MAVS/Cardif/VISA (IMCV; Hiscott et al., 2006) . Twelve genes coding for RNA helicase proteins homologous to RIG-I family members (which include MDA-5 and LGP2) and one homologue of IMCV were identified in the sea urchin genome. Of note, four of the predicted sea urchin RIG-I-like and the IMCV-like proteins also encode DEATH domains instead of CARD domains (see above).
Scavenger receptor proteins
Scavenger receptors comprise a structurally heterogeneous group of proteins often expressed on macrophages that function to recognize endogenous or microbial modified lipoproteins with polyanionic character (Mukhopadhyay and Gordon, 2004) . A class of potential scavenger receptors is represented by five CD36-like genes. In vertebrates these proteins can recognize endogenous and bacterial diacylglycerides (Hoebe et al., 2005) . A more notable second subclass of potential scavenger receptors contains multiple scavenger receptor cysteine-rich (SRCR) domains, which are present in proteins with widely varying functions including immune recognition (Sarrias et al., 2004) . There are 218 sea urchin gene models that encode multiple SRCR scavenger receptor genes with a total of 1095 SRCR domains (Table S4 ; for a species comparison see Table  3 ). The distribution of signal peptides and transmembrane domains in these gene models suggests that many may represent fragments of larger genes, consequently their collective complexity as measured by the number of SRCR domains they encode is likely to remain as estimated. The dynamic expression of the sea urchin SRCR genes by coelomocytes (Pancer, 2000; Pancer et al., 1999) suggests that their expanded occurrence in the genome may represent a form of immune diversity.
C-type lectin domain proteins
Lectins are involved in a variety of functions, either as single domain proteins or as domains within larger mosaic proteins (for review, see Drickamer and Taylor, 1993) . Many small, secreted lectins function as opsonins. A search of the sea urchin genome identified 104 gene models that encode small C-type lectins composed of one or two domains with a variety of putative oligosaccharide binding motifs. A phylogenetic analysis of 77 lectin domains from these gene models reveals nine small subfamilies of three or more members (not shown). As an example, SpEchinoidin is a member of an 11 gene subfamily (Table S1 ) and is expressed exclusively by LPS-activated phagocytes (Multerer and Smith, 2004; Terwilliger et al., 2004) . Although the other members of the SpEchinoidin-like gene family encode similar proteins, they show four different carbohydrate binding motifs implying diversified recognition functions. The multiplicity of gene models that encode similar small Ctype lectins suggests that many may have important functions in immune recognition.
Other innate recognition proteins
Peptidoglycan recognition proteins (PGRPs) and Gramnegative binding proteins (GNBPs) recognize bacterial cell wall components. PGRPs can act in the recognition and sometimes degradation of peptidoglycans (PGN) (Zaidman-Remy et al., 2006) . Five PGRP gene models are present in the sea urchin genome and, of these, two are potentially catalytic (i.e., they may function to degrade PGN either as part of an effector function or in a regulatory role) and one encodes a transmembrane domain and may act as an immune receptor. Three putative GNBP gene models were also identified. GNBPs bind LPS and β-1,3-glucan and have been described from insects (Kim et al., 2000) . Although GNBP proteins have not been described from vertebrates, similar genes are present in the C. intestinalis genome (Azumi et al., 2003) . The multiplicity of PGRP and GNBP is similar to that of other invertebrates, in contrast to the expanded gene classes described above (Table 3 ).
The complement system
The major functions of the complement system in higher vertebrates are to opsonize foreign cells and particles to augment phagocytosis, to lyse pathogenic cells, and to release anaphylatoxins that recruit phagocytic cells to the region of complement activation. This system is composed of about 35 serum and cell surface proteins (Volanakis, 1998) and constitutes an important element of innate immunity that is also intimately connected to the adaptive immune system. The complement cascade has three activation pathways (classical, alternative and lectin) that converge to activate the central component of the system, C3, and thereby initiate the terminal or lytic pathway.
The alternative pathway
In the alternative pathway of vertebrates, C3b binds to a target molecule upon cleavage from C3 and associates with factor B (Bf) to form the C3 convertase complex. This complex gives rise to an amplifying positive feedback loop that activates additional C3 molecules. The first identification of a complement system in an invertebrate was made in the purple sea urchin (Smith et al., 1996; reviewed in Smith, 2001 ) and consisted of one C3 and one factor B (Bf) homologue, which was considered minimally sufficient to function as an alternative pathway. We have identified four gene models that belong to the complement C3/4/5 family in the purple sea urchin genome (Fig. 4A, Table S1 ). Sp-C3 and Sp-C3-2 correspond to previously identified members (Al-Sharif et al., 1998; and J. Rast, unpublished) and are predominantly expressed in adult coelomocytes and during larval development, respectively. The newly identified mem-bers encode a third C3-like sequence, Sp-TCP1 (thioester containing protein) and a C4-like sequence, Sp-TCP2 (Fig.  4A ). Four additional thioester containing proteins were identified in the genome; one appears to be an alpha-2macroglobulin (α 2 m) homologue, but the others are too short to be convincingly classified as either α 2 m or complement proteins.
A phylogenetic analysis indicates that Sp-C3 and Sp-C3-2 are homologues of the vertebrate C3/4/5 genes (Fig. S7) . Both Sp-TCP1 and Sp-TCP2 fall outside of the C3/4/5 clade, and Sp-TCP1 shows affinity to the sea urchin α 2 m gene. The phylogenetic tree indicates that the vertebrate C3/4/5 sequences form a single clade, with urochordate C3 sequences as a sistergroup. The structure of the tree suggests that the complement thioester gene family underwent independent gene duplications within different animal lineages.
The previously identified Sp-Bf is a modular protein with five short consensus repeats (SCR; as opposed to three that are typical for vertebrate Bf proteins; Fig. 4A ), a von Willebrand factor A domain (vWFA) and a serine protease domain (SP; Smith et al., 1998) . Two additional Sp-Bf paralogues are present in the genome and all have similar domain structure with five SCRs in Sp-Bf-2 and four SCRs in SpBf-3. Of note, C. intestinalis also has three Bf genes, although in addition to four SRC domains, low density liproprotein receptor (LDLR) domains are also present (Yoshizaki et al., 2005) .
The lectin pathway
In vertebrates, the lectin pathway is activated when members of the collectin family, Mannose Binding Protein (MBP) and C1q (reviewed in Fujita et al., 2004) , bind pathogens and activate the MASP (MBP associated serine protease), C1r and C1s proteases, which in turn cleave and activate C4 and C3. Domain searches of the sea urchin gene models identify five members of the collectin family, of which four are similar to C1q and one to MBP (Fig. 4A) . Although variants of the MASP/C1r/C1s family were identified in C. intestinalis (Azumi et al., 2003; Nonaka and Yoshizaki, 2004) , no such models could be found in the S. purpuratus genome. Nonetheless, the genomic structure of this gene family is complex and homologues may have escaped detection. Finally, a search for Ficolin-like genes revealed 46 gene models that contain single fibrinogen domains. Ficolins are collagen-fibrinogen domain proteins that are structurally analogous to collectins and activate the lectin complement pathway (Fujita et al., 2004) . While no model has a clear N-terminal collagen domain, some models (e.g., SPU_012682, SPU_019295) have coiled-coil domain predictions that may facilitate oligomerization.
The terminal pathway
The terminal pathway in vertebrates is triggered by C5 convertase complexes and consists of the sequential oligomerization of a family of proteins with similar and complex domain architectures (C6, C7, C8 and C9), which ultimately leads to the formation of large lytic pores in pathogen membranes. The signature domain within these proteins is the Membrane Attack Complex/Perforin (MACPF) domain. Searches of the sea urchin Fig. 4 . Overview of the sea urchin complement system. (A) Domain structure of sea urchin complement genes. Sp-TCP1 was defined based on a conserved αβ cleavage site that is present in all C3/4/5 proteins and generates a two-chain structure upon proteolysis. Sp-TCP2, like C4 proteins, has an additional αγ cleavage site, which would give rise to a three chain structure. The three Sp-C3related genes (Sp-C3, Sp-C3-2 and Sp-TCP1) have a catalytic histidine located C-terminal to the thioester site, however, this histidine is missing in Sp-TCP2. (B) Hypothetical model of sea urchin complement function. The collectins (MBP and C1q) bind specifically to microbial surface oligosaccharides. Although members of the MASP/C1r/C1s family have not been definitively identified in the sea urchin genome (dashed oval), we speculate that a protein with MASP-like function would activate the C3 paralogues and the alternative pathway. A positive feedback loop based on the autocatalytic activation of C3b/ Bf complexes would then accelerate the C3b and C3b/Bf-mediated opsonization of the microbe, its recognition by specific macrophage complement receptors and, ultimately, its phagocytosis. Cleavage of sea urchin C3 to C3a and C3b is based on sequence alignment with vertebrate proteins and is not yet confirmed by experimental evidence. genome identify 22 gene models with a single MACPF domain (described below), but none has the appropriate domain composition or architecture that would identify them as members of a canonical terminal pathway.
Complement receptors and regulatory proteins
Many of the vertebrate proteins that provide control for the specificity of pathogen opsonization by complement and regulate the positive feedback loop of the alternative pathway are composed of multiple SCR domains (three to more than thirty-five domains; Kim and Song, 2006) . Initial searches of the genome for gene models with SCR domains identified 247 candidates, but because of the repetitive structure of some of the complement regulatory proteins, such as factor H or decay accelerating factor, it made the identification of the sea urchin homologues difficult. In order to assign functional significance to these gene candidates for encoding complement regulatory activity, significant biochemical analysis will be required.
There are four types of complement receptors. Type 1 and type 2 receptors have multiple SCRs, type 3 complement receptors are composed of integrin heterodimers, and type 4 receptors have two Ig domains (see Fig. 5A ; Helmy et al., 2006; Hollers et al., 1992) . There are a number of gene models encoding alpha and beta integrins in the sea urchin genome and, although type 3 receptors have been characterized in Ciona, none of the sea urchin integrins have the correct signature to predict complement binding . It is expected that type 1 or 2 complement receptors may be present among the many sea urchin gene models with SCRs, however, the variability in numbers of SCRs in these receptors as found in different species makes predictions of the sea urchin homologues very difficult. This problem also holds true for type 4 receptors because over 500 gene models were identified that encode Ig domains (see below).
Complement function in the sea urchin
Although complement receptors have not been identified in the genome, their presence on coelomocytes and their involvement in phagocytosis of complement-opsonized particles has been demonstrated . Based on our current knowledge of the sea urchin complement system, a hypothetical model of complement function is presented in Fig.  4B . In the absence of a terminal pathway (see above), opsonization may in fact be the major complement function in the sea urchin. The proposed positive feedback loop that leads to augmented pathogen opsonization and enhanced pathogen detection is likely to exist in the sea urchin . It should be noted that this idea relies on the ability of phagocytes to detect opsonized pathogens via functionally implied complement receptors . The multiplicity of C3 and Bf genes suggests that multiple alternative pathways may function in the sea urchin, and the dynamic expression patterns of Sp-C3 and Sp-C3-2 suggest that the two pathways may work at different times in the life history of the organism.
The independent gene duplication events of complement proteins in both the chordate and echinoderm lineages highlight the importance and dynamic character of this microbial defense system in deuterostomes. Our findings suggest that the complement system likely originated with the lectin and alternative pathways and later incorporated the classical pathway with the acquisition of V(D)J-mediated adaptive immunity. The addition of the terminal pathway may have originated from an ancestral co-option of a perforin-like molecule into the complement system.
Immune effector proteins
An important class of immune proteins participates directly in mechanisms of pathogen elimination. One such protein family is the vertebrate perforins which form membrane pores as part of a mechanism of host defense and are characterized by the presence of a MACPF domain. Searches of the genome identified 22 gene models that contain a signal peptide, a single MACPF domain and exhibit an overall resemblance to perforin. The small proteins encoded by these genes can be readily clustered into eight subfamilies of which each exhibits sequence similarity both within and outside the MACPF domain (data not shown). The overall perforin-like domain architecture and multiplicity of these proteins suggests that they may have an immune function. A previous report (Haag et al., 1999) shows that apextrin, a homologue of these MACPF-containing genes, is present in the sea urchin Heliocidaris erythrogramma, and has expression and subcellular localization characteristics that are consistent with an immune function in protecting the embryo.
Other potential immune effector genes from the S. purpuratus genome include three peroxidase genes and three Nitric Oxide Synthase (NOS) genes (Table S1 ). While both families have many functions, the use of homologues of these genes in immunity is widespread in bilaterians and some of the sea urchin homologues are likely to perform immune functions.
Although their function is not understood, the sea urchin 185/333 genes are intensely upregulated in coelomocytes responding to challenge from bacteria and LPS (Nair et al., 2005; Rast et al., 2000) . These genes encode a multigene family of modular proteins that have no homologues outside of sea urchins and were named based on matches to two unknown sequences expressed by coelomocytes. They show significant sequence diversity that includes extensive single nucleotide polymorphisms and small insertions/deletions, plus variations in the presence and absence of larger blocks of sequence from the second of two exons (Nair et al., 2005; Terwilliger et al., 2006) . Based on their extreme diversity and expression in response to immune challenge, these small proteins are likely to have important functions within the immune response of the sea urchin. The survey of the sea urchin genome sequence identified ten gene models encoding 185/333 proteins, although other studies suggest that many more genes are likely present and Buckley and Smith, unpublished) .
The sea urchin genome and the origins of jawed vertebrate adaptive immunity The adaptive immune system of jawed vertebrates is complex, both in terms of the molecular mechanisms by which it generates immune diversity and the specialized cells that mediate its function. This system is restricted to jawed vertebrates and the lack of well-defined intermediates has been a long-standing problem in evolutionary biology. The purple sea urchin is the second deuterostome animal from outside of the jawed vertebrates for which a genome sequence has been obtained and this fills a large phylogenetic gap with significant relevance to the origins of lymphocyte functions and TCR/Igmediated immunity. We have analyzed the sea urchin genome sequence for genes with homology to the Ig domain proteins that mediate antigen binding (Ig, TCRs and MHC), the enzymes that carry out receptor rearrangement (Rag1/2, TdT, AID) and other molecules that function specifically in the vertebrate immune system such as cell surface markers and specialized signaling adaptors.
Ig-like domain proteins
Ig domains involved in immune functions diverge quickly (e.g., Hughes, 1997) and therefore, it is expected that even if homologues are present in the sea urchin genome they will be difficult to identify. Igs, TCRs and MHC proteins, along with a very limited set of other vertebrate proteins are united in containing Ig C1-set domains . The sea urchin genome contains approximately 1500 Ig domains encoded in more than 500 gene models. A subset of these has characteristics that are expected of non-rearranging relatives of Ig/TCR/MHC. The most promising of these encode putative transmembrane receptors with IgVset-IgC1set ectodomains (Fig. 5A , Table S1 ). These show weak but relatively specific identity with Ig/TCR/MHC and with other genes that are hypothesized to be related to the vertebrate antigen receptors. Many additional molecules show weak similarity to members of the B7 family of lymphocyte co-receptors. Corroborative information will be required such as syntenic relationships that parallel those of vertebrate genes or functional similarities before any further conclusions can be drawn.
Genes with relevance to V(D)J recombination
Perhaps the most striking finding from the genome with regard to V(D)J-mediated immunity is the presence of a Recombination Activating Gene (RAG) 1 and 2-like cluster. The RAG genes in vertebrates encode an enzyme that is the primary mediator of Ig and TCR rearrangement (reviewed in Fugmann et al., 2000) . The cluster has not been reported from any animals outside of the jawed vertebrates (Schluter and Marchalonis, 2003) . A recent finding describes a new class of transposons with similarity to the catalytic region of RAG1 along with a group of apparent genes that show similarity to this region (Kapitonov and Jurka, 2005) . The sea urchin genome contains approximately 30 elements with similarity to the RAG1 core region, but nearly all of these appear to be pseudogenes as they are fragmentary and often contain stop codons. One element (Sp-RAG1L), however, can be aligned to the RAG1 core region throughout its entire length and exhibits sequence identity also in the none-core regions. Downstream of Sp-RAG1L is a second gene with identical predicted structure and low sequence identity to RAG2 (Sp-RAG2L; Fig. 5B ; Fugmann et al., 2006) . The genomic organization of these genes (Fig. 5C ) is identical to that of vertebrate RAG1/2, although the sea urchin genes have a more complex intron-exon structure. No functional or molecular evidence for a V(D)J recombination system has yet been identified in the sea urchin and the function of this RAG-like cluster is still unknown. Both RAG genes are coexpressed at low levels in embryos and adult coelomocytes, and the encoded proteins are able to form a specific RAG1/2 complex with each other, as well as RAG1/2 from selected vertebrates (Fugmann et al., 2006) . The sea urchin function of these genes may be very different from its vertebrate counterparts but its determination may have some bearing on how the vertebrate genes came to be utilized for V(D)J recombination.
Another gene of interest with respect to the origins of jawed vertebrate adaptive immunity is a homologue of Terminal deoxynucleotidyl Transferase (TdT). This lymphocyte-specific DNA polymerase increases antigen receptor diversity, by adding non-templated nucleotides during the DNA joining phase of V(D)J recombination. Phylogenetic analysis indicates that the sea urchin gene (Sp-TDTl) is orthologous to the common ancestor of TdT and polymerase μ (Polμ, a member of the PolX family of error prone polymerases). Sp-TDTl encodes both an N-terminal BRCT domain and a PolX polymerase domain. Notably a similar gene was reported from C. intestinalis and homologues of this gene are found only in deuterostomes. Besides RAG1/2 and TdT, all other factors essential for V(D)J recombination in vertebrates are DNA repair factors of the non-homologous end-joining (NHEJ) pathway: xrrc4, DNA ligase IV, Ku70, Ku80, DNA-PKcs, artemis, and cernunnos. As there is a homologue for each one of them in the sea urchin genome (Table 1, S1), it appears possible that the complete enzymatic machinery required for the V(D)J recombination was present in a common deuterostome ancestor. This suggests that either the substrate for the V(D)J recombinase, namely split antigen receptor genes, was acquired later in an early jawed vertebrate, or that there is an as yet unidentified rearranging gene locus in the sea urchin genome.
Activation Induced Deaminase (AID) is a recently discovered key component of the mechanisms that further diversify the Ig repertoire in jawed vertebrates: Ig somatic mutation, class switching and Ig gene conversion (Honjo et al., 2005) . This enzyme is closely related to the APOBEC proteins which are known to function in antiviral responses and RNA editing (Conticello et al., 2005) . A search of the sea urchin gene models identified several genes that encode cytidine deaminases but phylogenetic analysis indicates that none of them belong to the AID/APOBEC gene family (not shown). Nonetheless, these genes are small, divergent, and rapidly evolving, so a homologue may not have been captured in the gene models.
Hematopoietic transcription regulators
Transcription networks are at the heart of genetic programs that control blood cell development, and similarities or differences among these networks provide a basis for homology determinations among hematopoietic programs of different animal phyla. This is particularly relevant for comparisons among deuterostomes aimed at understanding the origins of vertebrate immunity (Rothenberg and Pant, 2004) . Although transcription factors in general are the subject of several other genome descriptions (Howard-Ashby et al., 2006a,b; Materna et al., 2006; Rizzo et al., 2006; Tu et al., 2006) , we have surveyed the genome sequence for homologues of transcription regulators that are recognized as key mediators of hematopoiesis and immune function (Table 1, S5) . Extensive domain comparisons are outside the scope of this paper, however several notable conclusions can be immediately drawn. First, most families of transcription regulators represented by two to four family members in vertebrates are represented by a single member in the sea urchin genome. Second, there do not appear to be any transcription factor families important in hematopoiesis that are missing from the sea urchin genome, although there are important vertebrate subfamilies (e.g., IRF3) for which clear orthologues were not identified. Our preliminary findings indicate that homologues of many important vertebrate hematopoietic regulators are expressed in sea urchin coelomocytes including: SCL/TAL2, E2A/HEB/ITF2 and GATA1/2/3. Notably, transcription factors for which sea urchin homologues are present include a clear homologue of the PU.1/SpiB/SpiC subfamily of Ets transcription factors (see Rizzo et al., 2006 for a description of Ets factors) and a probable Ikaros/Helios/Aiolos/ Eos-related gene both of which have been identified only in other deuterostomes. In vertebrates both of these transcription factor families are notable in their specialization to processes related to hematopoiesis and differentiated blood cell functions. Furthermore, both the PU.1-like and the Ikaros-related genes are also expressed in adult coelomocytes (Messier and Rast, unpublished) . Collectively these results indicate that key combinations of crucial regulators in vertebrate hematopoiesis and immune functions may be ancestral to the deuterostome lineage.
Cytokines and immune cell signaling
Members of most cytokine and chemokine families and their receptors were not detected in the sea urchin genome. These include members of the four-helix bundle/hematopoietin family; the IL-10 family; the IL-12 family; interferons; and the CXC, CX3C and CC chemokine families (see Table S1 ). Similar negative findings have been reported for the chemokines (Devries et al., 2006) and none of these gene classes have been identified from invertebrates. This could be due to a true absence of such genes in the echinoid lineage, or may reflect the difficulties of identifying these rapidly evolving genes, which tend to be small, have low protein domain complexity and complex intron-exon structure.
Members of other interleukin classes, however, are clearly present. Many of these genes have a well-defined domain structure and are thus more readily identified than the cytokine classes referred to above. Although no homologues of interleukin-1 could be identified, three gene models encode proteins that are related in sequence and domain structure to the IL-1 receptor and its accessory proteins (Table S1 ).
Aside from their well-known role in apoptosis, tumor necrosis factor (TNF) family proteins function in immune capacities that include macrophage activation and cell proliferation. Four TNF ligands and eight TNF receptors are present in the S. purpuratus genome (described in detail in Robertson et al., 2006) .
We also identified a large family of genes that show sequence similarity and comparable domain architecture with the IL-17 family of interleukins, as well as two IL-17 receptor-like models. The IL-17 family, which has six members in vertebrates (IL-17A-F), represents a distinct signaling system with a welldocumented pro-inflammatory function, mostly through the recruitment of neutrophils, and a proposed function in hematopoietic precursor cell maturation Kawaguchi et al., 2004; Kolls and Linden, 2004) . The sea urchin genome encodes about 30 of these genes in addition to the two receptor genes. Many of the ligands are linked in tandem arrays. In addition, a moderately expanded family of Macrophage Inhibitory Factor (MIF)-like genes is present in the S. purpuratus genome. MIF has a pro-inflammatory, macrophage-activating function in vertebrates and paracrine functions both within and outside the immune system (Nishihira, 1998; Orita et al., 2002) .
Homologues of several vertebrate Receptor Tyrosine Kinases (RTKs) with well-described roles in immune cell development and function are present in the S. purpuratus genome (Lepage et al., 2006) . Of note, two homologues of the VEGFR1-3/Flk1/Flt1/Flt4 gene family (Sp-VEGFR-7 and 10) and a homologue of Tie-1 and 2 (Sp-Tie1/2) are present. QPCR measurements show that both VEGFR-like genes are expressed in coelomocytes (Messier and Rast, unpublished) , as is Tie1/2 (Smith et al., 1996) , which is also expressed during gastrulation in the embryonic secondary mesoderm (Messier and Rast, unpublished) . Notably, no homologues of PDGFR/c-Kit/Flt3/ CFS-1R family could be identified.
Conclusions
The survey presented here is an initial overview of what the genome sequence conveys about immunity in the sea urchin, and by inference, immunity in our invertebrate and vertebrate ancestors. The findings immediately modify and clarify our understanding of invertebrate immunity and of the evolutionary origins of our own immune system. One of the more striking findings from the genome is the enormous complexity of innate receptor classes that in other animals are represented by comparatively modest gene families. The TLR and NLR gene families are each represented by more than an order of magnitude more gene members than are described in other invertebrates or vertebrates. This expansion may reflect an inflated recognition capacity, the usage of which is otherwise similar to that of animals with smaller innate repertoires. Alternatively, it may reflect an essentially different mode of gene function. The latter view is supported by the apparent dynamic evolutionary history of most of the sea urchin TLR genes as reflected in a propensity for rapid duplication, diversification of LRR sequence and the high proportion of pseudogenes. Further analyses will determine whether positive selection is important in this process, but the contrast between nucleotide conservation within the TIR domain and diversification in specific regions of the LRR sequence within subfamilies suggests that this is the case. This contrasts with similar analyses from vertebrate TLRs (Roach et al., 2005) and insect innate recognition receptors (Jiggins and Hurst, 2003) , the evolution of which is dominated by purifying selection. From an evolutionary perspective, the TLR genes may behave more like the members of multigene families encoding antigen receptors from the vertebrate adaptive immune system, than TLRs of other animals. Whether this applies also to the NLRs awaits further resolution of their putative pathogen recognition regions, which have a complex intron-exon structure that is inadequately captured in the current set of gene models.
Notably, the analysis of the sea urchin TLR repertoire provides an opportunity to compare evolutionary variation among different regulatory levels of the innate recognition system. Expansion is limited largely to the TLR genes and, to a moderate degree their immediate adaptors, with the downstream transduction components and transcription factors in typical numbers. Specificity of response in the system is thus likely to come from the spatiotemporal regulation of the repertoire as manifested in cell type or the even more interesting possibility of clonal expression. Although the large-scale genomic organization of the TLR genes remains to be determined, many genes are clustered and this may reflect aspects of their regulation. For example, the character of these oriented clusters immediately suggests locus control mechanisms by which the number of expressed TLR genes could be randomly limited, perhaps enabling a clonal expression system analogous to that of the jawed vertebrate immune system. Combinatorial expression could generate tremendous diversity in such a system.
The sea urchin genome lends a fresh viewpoint toward longstanding questions of the evolutionary origins of the jawed vertebrate adaptive immune system. The function of the sea urchin RAG1/2-like genes is unclear and further understanding of the cluster is likely to illuminate and constrain theories of the origins of V(D)J recombination. A variety of immunoglobulin domain proteins with similarities to genes of the jawed vertebrate adaptive immune system are present. As is typical for this class of genes, primary sequence identities are very low. Nonetheless, additional information such as syntenic organization, which has been useful in suggesting paralogue interrelationships within vertebrates and functional data may clarify the relationships of these genes to those of the jawed vertebrate system.
A causal explanation for the complexity of the sea urchin immune system is not likely to be simple, although there are many possible characters of this echinoderm that can be postulated as contributing factors. These include a complex life history, an intricate water vascular system and a long lifespan (e.g., a closely related sympatric congener of the purple sea urchin, Strongylocentrotus franciscanus can live to well over 100 years; Ebert and Southon, 2003) . Localized expression of the NLR genes suggests that gut associated microbial flora may be a driving force behind expansion for this gene family. Whether the parallel expansion of TLR genes is a coincidence or is driven by the same pressures remains to be determined. Whatever the cause for innate receptor expansion, it seems clear from the sequence characteristics of these genes that they are used in fundamentally different ways than their counterparts in other organisms. As we explore these findings and those from other emerging genome sequences, the view of invertebrate immunity as a monolithic and evolutionarily static system is likely to rapidly disappear.
